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ANALYSIS OF FIMNT-WOUND DOME AND POLAR BOSS OF 
METAL-LINED GLASS-FILAMENT-WOUND PRESSURE VESSELS 
R. E . Landes and E . E . Morris 
Structural analysis of an aluminum-lined glass-filament-wound pressure 
vessel was conducted. Pressure-vessel design criteria were reviewed, and fila- 
ment strengkh levels and the vessel configuration were established using netting 
analysis of the membrane, discontinuity analysis of the dome-to-cylinder junc- 
tions, and wrap-pattern calculations. The vessel's dome was characterized and 
a discontinuity analysis of the polar boss region was completed. Axial polar- 
boss design concepts were reviewed, and detailed structural analyses of two 
configurations were carried out. Then the polar-boss designs were incorporated 
in the membrane analysis. 
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I. SUMMARY 
Structural  a n d y s i s  was conducted of an aluminum-lined glass-filament- 
wound pressure vessel which included a conventional membrane analysis,  a dis-  
cont inui ty  analysis of the dome-to-cylinder juncture, and a special  analysis  
of the domed ends of the pressure vessel i n  the v ic in i ty  of the a x i a l l y  
located polar boss. Pressure-vessel design c r i t e r i a  were reviewed, filament 
design strength l eve l s  established, and the vessel configuration w a s  estab- 
l i shed  from nett ing analysis  of the membrane (which included provision fo r  the 
metal l i n e r ) ,  discontinuity analysis of the  dome-to-cylinder juncture, and 
wrap pa t te rn  calculations. The dome was characterized using both nett ing 
analysis and orthotropic analysis,  t o  es tab l i sh  i t s  e l a s t i c  properties,  deflec- 
t ions ,  rota t ions ,  and s t r a in s  when subjected t o  in te rna l  pressure and boss r e -  
action loads. A discontinuity analysis of the vessel  dome a t  the polar boss 
was conducted by considering the filament-wound composite i n  t h i s  region as a 
r i ng  p l a t e .  Axial polar-boss design concepts were reviewed, and detai led 
s t ruc tu ra l  analyses of two selected configurations a re  presented. The polar- 
boss designs were then incorporated in to  the membrane-analysis pressure-vessel 
des igns . 
Much work has been csmdue"cd by NASA to develop and evaluate metal-Lined 
glass-filament-tround ';1cssels f o ~  c.ryoge~5.c cperation i n  propulsion an6 space- 
c r a f t  systems. The objective of Contract NAS 3-102@ ("~ryogenic  Filament- 
Wound Tank ~valua ' t ion")  i s  t o  demonstrate the  f e a s i b i l i t y  of producing closed- 
end, cyl indr ical ,  glass--filament-wound pressure vessels with t h i n  aluminum 
l i n e r s  f o r  operation i n  the  4-75 t o  -423°~  range. Designs f o r  metaL-lined glass-  
filament-wound vessels 1 2  in .  i n  diameter and 18 in .  long, wi th  a burs t  pressure 
of 3000 p s i  a t  75OF, a r e  being developed, a s  well a s  processes f o r  fabr icat ing 
t h i n  (0.010-in. - th ic  k) aluminum l i n e r s ,  f o r  providing jo ints  i n  the  l i n e r  hav- 
ing the  necessary proper t ies ,  and fo r  providing a bond between the l i n e r  and 
t he  filament-wound composite. The effect iveness  of the  designs and processes 
w i l l  be demonstrated and evaluated by fabr icat ing and t e s t i ng  vessels  a t  +75, 
-320, and -423O~. 
The pressure-vessel membrane design method being used f o r  the  aluminum- 
l i ned  glass-filaaent-wound tanks was developed by Aerojet under a previous NASA 
program ( re f .  1-3) .  This method analyzes aL1 port ions of t he  vessel  except 
a reas  of d iscont inui ty  (e  .g . , cylinder- to-dome juncture) and the  immediate 
v i c i n i t y  of t he  a x i a l l y  located por t  on t he  vessel  dome, where the analysis  
"blows up" when the  meridional filament wrap angle equals and exceeds approxi- 
mately 5h0. (This "blow up" i s  charac te r i s t i c  of a l l  other  known analyses f o r  
f ilament-wound domes. ) Methods exis ted f o r  t he  cylinder-to-dome juncture dis-  
cont inui ty  analysis ,  but  no s t ruc tu r a l  analys is  method was ava i lab le  f o r  
de t a i l ed  invest igat ion of the  vessel dome i n  t he  region of the  polar  boss. 
This repor t  covers a s t ruc tu r a l  analys is  of the  dome region of  metal- 
l i ned  glass-filament-wound pressure vessels,  which w a s  conducted because of 
the  c r i t i caL nature of the boss-to-l iner t r ans i t i on  i n  filament-wound vessels, 
the  mismatch of boss and filament-wound composite def lect ions  and ro ta t ions ,  
and the  s t r a i n  magnifications known t o  e x i s t  i n  t h i s  region due t o  the  r i g i d i t y  
of the  boss designs employed so f a r  and the ex t ens ib i l i t y  of the  filament-wound 
composite on top of the  boss. F i r s t ,  the pressure-vessel design c r i t e r i a  and 
membrane analysis  a r e  presented, followed by a discont inui ty  analysis  of the  
vessel  dome-to-cylinder juncture and a determination of the filament-winding 
pat tern .  Then the dome character izat ion i n  the  v i c in i t y  of the  polar  boss i s  
presented - e l a s t i c  proper t ies ,  deflections,  ro ta t ions ,  and s t r a i n s  when 
subjected t o  i n t e rna l  pressure and boss react ion loads. Boss concepts a r e  
reviewed, and two configurations selected f o r  de ta i l ed  design and analysis .  
The deta i led boss designs a r e  then incorporated i n t o  the vessel  design developed 
from the  membrane and dome-to-cylinder analyses t o  r e s u l t  i n  two complete 
vessel  designs f o r  fabr ica t ion  and s t ruc tu r a l  evaluation under Contract 
NAS 3-10289. 
Two aluminum-lined glass-filament-wound pressure vessel  designs a r e  
t o  be prepared with t h e  following charac te r i s t i cs :  
Liner : Aluminum, Type 1100-0, of 0.010- i n .  -thickness 
P
Bosses : Two design configurations 
(each vessel  t o  use one) of about 1.20-in.-OD a t  
t he  filament -wound dome a x i s  
Fiber Reinforcement : S-glass (HTS f i n i s h )  
Resin Matrix : Epon 8 2 8 / ~ ~ ~ / ~ m ~ o l  ~ O ~ O / B D M A  
(100/115.9/20/1) 
: Adiprene ~ - 1 0 0 / ~ ~ i - ~ e z  51011 
MOCA (80/20/17 ) 
Burst Pressure a t  +75OF: 3000 psig  
Shape: Closed-end cylinder 
-
Size:  12-in.-dia. by 18-in.-long 
-
B. DESIGN-ALTX>WABI;E GLASS-FILAMENT STRENGTH 
Aerojet has developed a systematic approach t o  t he  design of 
filament-wound vessels  ( ~ e f  . 4,5, and 6 )  and i s  using it i n  a number of appl i -  
cations.  The method involves t h e  use of pressure-vessel design factors ,  
corresponding t o  a range of dimensional parameters, t o  determine t he  allowable 
s t rength  f o r  each configuration. The fac tors  a r e  based on data  collected over 
t he  past  7 years from Aerojet t e s t s  on several  thousands of pressure vessels;  
these  vessels  ranged i n  diameter from 4 t o  74 i n .  and had s ign i f ican t  var ia t ions  
i n  t h e i r  design parameters. Included a s  fac tors  used fo r  t h e  se lect ion of 
design-allowable values a r e  t he  strength of the  g lass  roving, r e s in  content, 
envelope dimensions ( length and diameter), i n t e rna l  pressure l eve l ,  a x i a l  port 
diameters, temperature, sustained loading requirements, and cycl ic  loading 
requirements. The method was used i n  t h i s  analysis  tb es t ab l i sh  r e a l i s t i c  
values f o r  t he  allowable ultimate 759'  S-HTS glass-filament t e n s i l e  strengths 
i n  t he  12-in.-dia. by 18-in.-long aluminum-lined filament-wound t e s t  vessel .  
1. Lonaitudinal Filaments 
The allowable longitudinal-filament s t rength  i s  given by 
2 F = K K K K K (sec  a )  F~ f , l  1 2 3 4 5  
Symbols fo r  t h i s  sect ion a r e  defined i n  Appendix A .  
The f o l l o ~ r i n g  d e s i p  f a c to r s  ( ~ e f .  6 )  a r e  based on t he  spec i f i c  
vesse l  parameters : 
Parameter Design -.-, Factor 
D~ = 12.00 i n .  0.815 (K1) 
a = 4' (from geometry of ve s se l )  
For S-HTS g lass  filaments, t he  minimum ultimate t e n s i l e  strength,  Ff, i s  
415,000 ps i .  
The single-pressure-cycle allowable ultimate longi tudinal  
filament s t rength  i s  therefore  
F f ; l  = (0.815) (1.015) (1.000) (0.920) (1.000) (1.004) (415,000) 
= 316,000 p s i  
2. Hoop Filaments 
The allowable hoop-filament s t rength  i s  given by 
2 t a n  a F = K  K K (1- f ,h  1 4 5 ) Ff 
The following design fac tors  a r e  based on the  spec i f ic  
vesse l  parameters 
Parameter 
Dc = 12.00 i n .  
Design Factor 
0.890 (K1) 
The single-pressure-cycle allowable ultimate hoop filament 
strength i s  therefore  
F - (o,.8go) (0.960) (1.000) (1.000) [l- 
f,h 
= 354,000 p s i  
The vessel  shape and component thicknesses were established 
with t he  previously developed computer program fo r  analysis of metal-lined 
filament -wound pressure vessels  ( ~ e f  . 3 ) . The program was used t o  invest igate  
the  filament s h e l l  by means of a ne t t ing  analysis,  which assumes constant 
s t resses  along the  filament path and t h a t  t he  r e s in  matrix makes a negl igible  
s t ruc tu ra l  contribution.  The filament and metal she l l s  a r e  combined by 
equating s t r a in s  i n  the  longitudinal  and hoop direct ions  and by adjust ing t he  
s h e l l  r a d i i  of curvature t o  match the  combined material  strengths a t  the  
design pressure. 
The program established the  optimum head contour and defined 
the  component thicknesses and other dimensional coordinates, a s  well a s  the  
s h e l l  s t resses  and s t r a i n s  a t  zero pressure and the  design pressure, the  
filament-path length, and the  weight and volume of the  components and complete 
vessel .  It was a l s o  used t o  determine the  s t resses  and s t r a in s  i n  the  two 
s h e l l s  during vesse l  operation through the  use of a s e r i e s  of pressures and 
temperatures. 
2. Comuter I n ~ u t  and O u t ~ u t  
Input var iables  used f o r  t he  computer pressure vessel  design 
analysis  a r e  presented i n  Table 1. The computer output described the  pressure 
vesse l  membrane shape, component thickness and weights, and s t r e s s  and s t r a i n  
conditions. The portions of t he  l i n e r  configuration (Figure 1) and pressure 
vesse l  configuration (Figure 2 )  dealing with t he  pressure vessel  membrane a r e  
taken from the  computer output, except a s  noted below. 
The longitudinal  filament-wound composite thickness require- 
ments computed f o r  t he  t e s t  vessels, based on a minimum allowable ultimate 
longitudinal  filament s t r e s s  of 316,000 p s i  and a design burs t  pressure of 
3000 psig a t  75%, a r e  t h e  following: 
Longitudinal Filament -Wound 0.042 i n .  
Composite Thickness i n  Cylinder ( t L )  
Equivalent Filament Thickness i n  0.028 in .  
Longitudinal Direction of Cylinder ( t  ) 
f 7 l  
The computerized analysis  used the  same allowable f o r  the  
hoop filaments a s  for the  longitudinal  filaments ( i  .e.,  316,000 psi ) ,  and the  
hoop filament-wound composite thickness requirements were computed t o  be the  
following : 
Hoop Filament -Wound 0.084 i n .  
Composite Thickness i n  Cylinder (tH ) 
Equivalent Filament Thickness i n  
Koop Direction of Cylinder (t ) f,h 0.057 i n .  
Because the actual hoop filament minimum allowable ultimate 
stress, F h, is 354,000 psi, the hoop wound composite thickness from the com- 
puter anaf$sis, t ~ ,  was reduced to bring the hoop filament stress up to 
354,000 psi in order to obtain a balanced design with equal probability of 
failure in the hoop and longitudinal filaments. The load carried by the hoop 
filaments of the computer analysis is 
Ff,h = (316,000 psi) (0.084 in.) 
f 
The new hoop-wound composite thickness, !H, required to 
develop a stress in the hoop filaments of 354,000 psi is glven by 
t 
- (0.084 in. ) = 0.075 in. 
- 354,000 
This hoop-wound composite thickness is reflected in Figure 2. 
D. HEAD-TO-CYLINDER JUNCTURE DISCONTINUITY ANALYSIS 
The purpose of this section of the report is to provide a 
discontinuity stress analysis of the head-to-cylinder juncture to establish 
the validity of the design shown in Figure 2. 
A discontinuity analysis was conducted for the design shown 
in Figure 2. Only the section at the juncture of the head-to-cylinder, shown 
schematically in Figure 3, was considered in this analysis. Calculations in- 
dicate a maximum longitudinal composite stress of 213,300 psi (filament stress . . 
of 318,500 psi), which is 0.8% greater than the allowable design stress. This 
stress occurs in the cylindrical section approximately 0.1 inch from the 
tangent plane. 
Since the meridional radius of curvature of the head changes 
very slowly in the area adjacent to the juncture of the head and cylinder, 
the head may be considered cylindrical at the discontinuity. Equations for 
the deflection and rotation at the head-cylinder juncture are taken from 
Reference 7, cases 14 and 15, page 302. The deflection of the cylinder is 
and, the rotation of the cylinder is 
Deflection of the head is 
and, the rotation of the head is 
The following relationships are used to adapt the deflection and rotation 
equations to filament-wound cylinders: 
a. Composite Beam Properties 
(1) Modulus 
. . The composite modulus in the longitudinal 
direction is 
where, 
tL = 0.042 in. (from Figure 2) 
tM = 0.010 in. (from Figure 1) 
tH = 0.075 in. (cylinder only, Figure 2) 
E~~ = 0.0 (resin crazes) 
The modulus of the longitudinal composite in the longitudinal direction (ELL) 
is calculated from the following expression 




Ef = 12.4 x 10 psi (s-HTs glass filaments) 
0 
Qo = 5-82 (from computer analysis) 
6 E~~ = 0.673 (12.4 x 10 ) (09956) 
6 
= 8.313 x 10 p s i  
Since t he  l i n e r  is s t ra ined beyond i t s  y ie ld  s t r e s s ,  an e f fec t ive  modulus, 
based on t o t a l  vessel  s t r a in ,  i s  used for  the  l i n e r .  
Where, 
v M = 0.325 f o r  aluminum 
('-f,B = 316,000 p s i  f o r  S-HTS glass  filaments a t  3000 p s i  i n t e rna l  pressure 
v M 
= 13,400 p s i  (from computer ana lys i s )  
6 
= 0.355 x 10 p s i  
The composite modulus i n  the  longi tudinal  d i rect ion f o r  the  cylinder i s  
. . 
b 
= 2.777 x 10 psi  
and, f o r  t h e  head 
6 
= 6.783 x 10 p s i  
The composite modulus i n  the  hoop d i rec t ion  is 
where, 
6 
= 0.673 (12.4 x l o  ) 
6 
= 8.35 x 10 p s i  
and 
2 EHL = KEf s i n  a. 
6 
= 0.037 x 10 ps i  
The effect ive modulus of the l i n e r  i n  the hoop direction i s  
w i t h ,  
0 
f ,h 
= 354,000 ps i  for  S-HTS hoop glass filaments a t  3000 psi  
in te rna l  pressure 
6 
= 0.517 x 10 p s i  
The composite modulus i n  the hoop direction for  the cylinder is 
b 
= 4.968 x 10 psi 
and, for  the head 
6 
= 0.091 x 10 psi 
The neutral axis of the cylinder is 
- 
Yc = 0.031 in .  








Yh = 0.031 in .  
(3 ) Flexural Rigidity 
The f lexura l  r i g i d i t y  is calculated from the  
equation 
- - 
Since Yc = Yh, the  head and cylinder f l exura l  r i g i d i t i e s  a r e  
The rnsduEus of the beam foundation (stiffness) 
where, 
R2 = R = 6.00 in. (from computer analysis) 
For the cylinder fl 
and for the head 
0.091 x lo6 (0.052) 
= (a2 
= 131.4 lb/in. 3 
( 5 )  Beam Characteristic 
The beam characteristic ( A )  is defined to be 
For the cylinder 
*4 = -1 = 81.53 in. 
C 
and for the head 
-1 
A: = = 0.6111 in. 
b, Radial Membrane Deflections 
(I) Cylinder 
With p  = 3000 ps i  
- 
ac - 
= 0.1712 in .  
P 
( 2 )  Head 
-1 With 1 / ~ ~  = 0.331 in. 
= 0.1598 in.  
c. Discontinuity Forces and Moments 
( 1 )  Head-to-Cylinder Juncture 
The discont inui ty  force and moment at  t he  
juncture of t he  head t o  cylinder may be found by matching head and cylinder 
ro t a t i on  and deflection.  The def lect ion of the  cylinder i s  
and t h e  ro ta t ion  of the  cylinder i s  
TI 
The defbec%isn sf t h e  head is 
F~ = 0.1598 + - 
Sh = 0.1598 + 0.01345 v0 - 0.l lg0 N~ 
and t h e  ro ta t ion  of t he  head i s  
Equating ro ta t ions  and deflections yie lds  
and 
Simultaneous solut ion of t he  two equations yie lds  
and 
(2)  Bending Moment Dis t r ibut ion 
The bending moment d i s t r ibu t ion  i n  the  cylinder, 
including t h e  moment due t o  shear, is  calculated from the  expression 
vo M ~ ( Y )  = e -AcY [ M ~  cos A ~ Y  + ( M ~  + s i n  A~Y] 
C 
and fo r  the  head 
= €3 cos A ~ Y  r ( M ~  vo s i n  khy] 
0 h 
Results of ealeula"i;ons based on these equations are shown in Figure 4, It 
can be seen that %he maximm bending moment occurs in the cylinder approxi- 
mately O,lO in, from the tangency plane, 
d. Maximum St ress  
The maximum s t r e s s  occurs i n  the  longi tudinal  com- 
posi te  and is a combination of membrane and bending s t resses .  The longi-  
tud ina l  composite s t r e s s  resu l t ing  from pressure i s  
where, 
= 211,600 p s i  
The maximum t e n s i l e  bending s t r e s s  i n  the  outside f i be r s  of t h e  longi tudinal  
composite i s  
D ~ %  = 1.740 p s i  
and t h e  maximum combined ( t e n s i l e )  s t r e s s  is  
=LL = 213,340 p s i  
This longi tudinal  composite s t r e s s  i s  equivalent t o  a longitudinal  filament 
s t r e s s  of 318,500 ps i ,  which i s  0.8% higher than t he  316,000 ps i  allowable 
s t r e s s  used f o r  computer analysis  of the  membrane. 
E . WINDING PAmm ANALYSIS 
The filament-wound vessel  has two winding pat terns :  a, longitudinal-  
In-plane pa t te rn  along the  cylinder and over t he  end domes t o  provide t he  t o t a l  
filament-wound conrgosite strength i n  the heads and the longitudinal strength 
in the cylindrical section; and a circmferential pattern applied along the 
cylinder for hoop strength in this section, 
The winding pat tern  fo r  the  pressure vessel  requires the applica- 
t i o n  of a spec i f i c  quant i ty  of g lass  roving i n  predetermined or ienta t ions  i n  
order t o  obtain t h e  desired burs t  pressure. The pressure vesse l  membrane 
analysis  of Section I I I - C  showed t h a t  t he  required filament -wound composite 
and equivalent glass-filament thicknesses a r e  the  following: 
Thickness, in .  
Longitudinal filament-wound composite 
thickness i n  cylinder 
Equivalent filament thickness i n  
longi tudinal  d i rec t ion  of cylinder 
Hoop filament-wound composite thickness 0. 075 
i n  cylinder 
Equivalent filament thickness i n  hoop 
d i rec t ion  of cylinder 
1. Longitudinal Pat tern  
The pa t te rn  is analyzed here on t he  bas i s  of a c tua l  winding 
da ta  and laboratory t e s t s  of g lass  roving and composite specimens, which have 
shown t h a t  a cured s ing le  l ayer  of 20-end roving created by side-by-side 
o r ien ta t ion  has a thickness ( t  ) of 0.007 in .  
s , l  
The required number of layers  of longi tudinal  winding (LL) 




L ~ - t  - = 6 layers  0.007 
s , l  
Two layers  a r e  formed for  each revolution of the  winding 
mandrel. The number of revolutions required ( N ~ )  i s  therefore 
L~ 6 
- A -
- = 3 revolutions N 1 - 2  - 2  
The winding-tape width ( w ~ )  i s  given by 
E2 =: number of 20-end roving strands per  tape, selected as 3 
A = cross s e c t i o n o f  2 0 - e n d r o v i n g = 4 2 0 x l . 0 - ~  in .  2 




W~ - = 0.268 in .  
The number of turns  per revolution (N ) must be an integer,  and is given by 3 
n Dc cos a 
N = 3 t o  t he  nearest  integer w + Et L 
P 
where 
Dc = vessel  diameter = 12.00 in.  
0 
a = longitudinal  in-plane winding angle = 3.82 
E t 
= space between tapes (which should equal zero) 
P 
Theref ore, 
- 5 - 0.268 = 140 tu rns  per revolution 
The required number of layers of hoop winding t o  make up 
t he  h;op composite thickness ( t  ) i s  given by H 
where 
t = thickness of s ingle  cured layer  of hoop winding 
s ,h  
I n  t h i s  case t may be s e t  equal. t o  0.0075 i n ,  
s ,h  
Then 
LC = cylinder l sngth ,  selected as 1 in, 
N4 = number 09 20-end. roving strands per tape, selected as 1 
then 
= 1-2 .Q t w n s  per inch layer 
The filament-wound pressure vessel  dome (filament-wound composite, 
l i n e r ,  and boss) analyzed here has been described i n  Section I11 and Figures 
1 and 2. During analysis  and characterization of  the  filament-wound composite 
component of t h i s  dome, modifications t o  the  basic  thickness, contour, and 
geometry were made only i n  the  region of the  polar boss by var ia t ions  i n  
winding tape width and composite stackup a t  the  boss. 
Two d i s t i n c t  methods ex i s t  f o r  analyzing filament-wound composites: 
the  ne t t ing  analysis  and t he  orthotropic analysis .  
which was used i n  Section I11 fo r  design of the  basic  vessel ,  it i s  assumed 
t h a t  t he  r e s i n  has no load carrying a b i l i t y ,  and t h a t  i t s  only purpose i s  t o  
hold the  f i be r s  i n  posit ion.  For vessel  design, t h i s  analysis  assumes t h a t  
a l l  t h e  f i be r s  a r e  s t ressed  uniformly and shapes t he  vessel  dome contour t o  
s a t i s f y  t h i s  condition. The net t ing analysis  i s  used primarily f o r  inves t i -  
gating the membrane s t r e s se s  i n  f i be r  she l l s .  It cannot be used f o r  pre- 
d i c t i ng  the  bending s t r e s se s  and interlaminar shear s t resses .  I n  t he  ortho- 
, both the  filaments and t he  r e s i n  a r e  taken i n to  consideration. 
The method consis ts  of determining equivalent e l a s t i c  constants f o r  the  
filament-wound composite s h e l l  and using them i n  orthotropic s h e l l  theory. 
I n  the  absence of r e s in  e a c t u r e  or craze cracking, the  ortho- 
t rop ic  analysis  should accurately describe dome proper t ies  and behavior under 
pressure loading. However, i n  practice,  t he  glass-filament domes do craze 
a s  they s t r a i n ,  resu l t ing  i n  a p a r t i a l  breakdown of the  res ins  influence on 
dome behavior. I f  r e s i n  f rac ture  should ever be complete, the  ne t t ing  analysis  
would apply i n  describing dome propert ies and behavior. Real dome behavior 
l i e s  between these  two ideal izat ions  of t he  filament-wound s t ructure .  The 
present analysis  investigated the  filamentaswound dome using both approaches 
t o  es tab l i sh  l i m i t s  of dome behavior under pressure and boss loading. 
B. STRAIN CHARACTERIZATION OF FIUNT-WOUPJD SHELL 
The meridional s t r a i n  of the  filament-wound composite s h e l l  a t  
any point i s  
where, 
N~ 
- @2 a - - - -  
L - th 2th 
and 
N~ pR2 a - - - - - -  - R2 
H 2 - -  h 2th Rl 
Analysis of t h e  computer pr in t -out  i n  the  region  where the 
pressure  vesse l  dome may be considered a s h e l l  (ao 5 Cr' 4: 30') reveals  that 
t h e  r a t i o  of hoop t o  meridia,n r a d i i  of curvature i s  approximately equal t o  2, 
Since (2  - R2/RZ) i s  approximately zero, t h e  hoop s t r e s s  i s  approximately 
zero and t h e  meridian s t r a i n  is  
For ease of ca lcula t ion and a b e t t e r  presentat ion of parameters of i n t e r e s t ,  
it was decided t o  normalize the  s t r a i n  a t  any point t o  t he  s t r a i n  a t  the  
equator of t he  vessel  
where, the  subscr ip t  "0" r e f e r s  t o  t he  value a t  the  equator. The meridian 
force  at  any point i s  proport ional  t o  the  hoop radius of curvature 
s o  t h a t  t he  normalized s t r a i n  may be defined by the  r e l a t i o n  
The computer run f o r  t h i s  pa r t i cu la r  s h e l l  w a s  used t o  obtain 
values f o r  a, R2, Rl, Z = x/a, and t h  as shown i n  Table 2. A p lo t  of Z vs. a 
was made from the  da ta  and is  shown i n  Figure 5. It should be noted i n  the  
f igure t h a t  the  major port ion of the  pressure vessel  ( s h e l l  port ion of vesse l  
where l i n e r  thickness i s  constant)  has wrap angles l e s s  than 20'. I n  order 
t o  b e t t e r  show the  deviat ion i n  parameters a s  the  a rea  of the  boss is  
approached it was decided t o  use wrap angle (a) as  t he  independent parameter 
f o r  p lo t s  ra the r  than t he  r a d i a l  d is tance  (x) .  Figures 6 and 7 show the  
normalized hoop radius of curvature and the  normalized thickness of the  com- 
posi te ,  respectively,  as a function of wrap angle. The only other parameter 
required t o  def ine  the  normalized s t r a i n  is the  modulus of e l a s t i c i t y  i n  the  
meridian di rect ion.  
1. Modulus of E l a s t i c i t y  and S t r a in  from Orthotropic Theory 
The var ia t ion  i n  modulus of e l a s t i c i t y  with wrap angle f o r  
a glass/epoxy composite i s  shown i n  Figure 31 of Reference (8). Rather than 
reca lcu la te  values f o r  t h i s  parameter, the  curve described i n  Reference (8) 
was rep lo t t ed  and i s  shown i n  Figure 8. Using Figure 8 and the  following 
re la t ionsh ip  
in combination w i t h  the nomna,lized -th5.cb-ess, the normalized extensional 
stiffness was determined and is plotted in Figure 9, The values of para- 
meters depicted in Figures 6 and 9 were used to construct the curve of 
normalized strain for an unlined composite shell ads shown in Figure 10. 
a. Effect of Elastic Liner 
In order to determine the effect of an elastic liner 
(liner stressed below its yield point) on the normalized strain, the liner 
and filament reinforced composite shells were treated as a single composite 
shell having an equivalent extensional stiffness. The strain of the equiva- 
lent composite shell is 
and, the normalized strain is 
The extensional stiffness of the equivalent composite 
shell at any point is 
and, the normalized value is 
6 For a 0.010 in, thick aluminum liner with an elastic modulus of 10 x 10 psi 
and Cor the f il-ameat composite at the equator 
with 
5 
= 8.47 x 10 ps i  
and, from Figure 8, 
The extensional s t i f f n e s s  of the  equivalent composite s h e l l  a t  t h e  equator i s  
and, t he  normalized extensional s t i f f n e s s  of t h e  equivalent composite s h e l l  i s  
Definition of the  metal-shell thickness var ia t ion  i s  
required i n  t h e  region of the  boss-flange i n  order t o  es tab l i sh  the  extensional  
s t i f f n e s s  of the  e l a s t i c  l i n e r  i n  t h i s  area.  Table 3 gives l i n e r  thickness 
data  from t h e  Figure 1 configuration. 
Figure 6 was again used i n  combination with t he  
normalized extensional  s t i f f ne s s  (calculated from the values of l i n e r  th ick-  
ness shown i n  Table 3) t o  es tab l i sh  the  normalized s t r a i n  f o r  a filament com- 
posi te  s h e l l  with an e l a s t i c  l i ne r .  A l l  values of parameters a r e  shown i n  
Table 4 and normalized s t r a i n  i s  p lot ted i n  Figure 10. 
T? .ml-& ect of P l a s t i c  Liner  
The e f f e c t  of a l i n e r  in the plastic rapge ( t h a k  i s .  
:2 liner stresseci abc~ve i t s  y i e l d  p o i n t )  on t h e  strain of the shell i s  ca,l.cu.- 
l a t e d  using a  sirnil-z,r method t o  t h a t  descr ibed iil the  : i receding paragra,phs . 
For a 0.010 in.- thick.  aluminum l i n e r  wi th  a  p l a s t i c  modulus of 0 . 1  x 106 psi  
t h e  ex t ens iona l  s t ! - f f r~ess  of t h e  metal  s h e l l  a t  t h e  equator  i s  
s~nd! t h e  e x t e r ~ e i ~ n a l  s t i f f n e s s  of  t h e  equj-valent composite s h e l l  a t  t h e  
equator  is  
The normalized ex tens iona l  s t i f f n e s s  of t h e  e q u i ~ ~ a l e n t  composite s h e l l  a t  any 
po in t  i s  
Data on t h e  normalized ex tens iona l  s t i f f n e s s  a,nd normalized s t r a i n  f o r  t h e  
equ iva l en t  composite s h e l l  a r e  shown i n  Table 5, and t h e  normalized s t ra , in  is 
p l o t t e d  i n  F igure  LO. 
c .  Discussion of Resul t s  
The meridional  s t r a i n  of a f i lament  -wound composite 
s h e l l  wi th  modulus of e l a s t i c i t y  computed from o r t h o t r o p i c  theory  i s  shown 
i n  F igure  10.  Although t h e  accuracy of t h e  curve i s  ques t ionable  Por wrap 
angles  g r e a t e r  t han  30°, due t o  t h e  neglected Poisson e f f e c t  (hoop s t r e s s ) .  
it a,llows a b a s i s  for  comparison of  t h e  e f f e c t  of a,n e l a d s t i c  l i n e r  ( s t r e s s  
below y ie ld  p o i n t )  and a p l a s t i c  l i n e r  ( s t r e s s  beyond y i e l d  p o i n t )  ~p t o  t h e  
po in t  where t h e  boss- to- l iner  t r a n s i t i o n  occurs .  As shown i n  F igure  10 ,  t 3 e  
imlined filament-wound dome had an  increas ing  meridiona,l s t r a i n  up t h e  dome: 
a t  t h e  po in t  where t h e  l i ne r - to -boss  juncture would be loca t ed ,  t n e  s t r a i n  
was 11% g r e a t e r  t han  a t  the equator;  t h e  maximum meridiona,l stra,in_ occurred 
on t o p  of where t h e  boss would b e  loca ted  and was 50% g r e a t e r  than  a t  t h e  
equator .  A t  p ressures  a,bove 140 p s i ,  where t h e  cons tan t  th ickness  po r t ion  
of t h e  l i n e r  i s  passed i t s  y i e l d  s t r e s s  everyvhere on t h e  dome, t h e  l i n e r  
had very l i t t l e  e f f e c t  on s t r a i n s  a t  a l l  poin ts  on the contour ,  and t h e  s t r a i n  
p a t t e r n  c l o s e l y  approximated t h a t  which occurred f o r  an  unlined dome, 
I n  n e t t i n g  theory ,  t h e  meridional  modulus of e l a s t i c i t y  i s  
assumed t o  vary wi th  wrap angle  by t h e  fol lowing expression:  
2 
E~~ = P E cos a 
-Jg f 
Data from computer output l i s t e d  i n  Table 2 was used. i n  combination with 
values obtained from the  preceding equation t o  calcula te  t he  normalized 
extensional  s t i f f ne s s  and s t r a i n  of an unlined filament-wound she l l .  Calcu- 
l a ted  values a r e  l i s t e d  i n  Table 6 and a plot  of normalized meridional s t r a i n  
i s  shown i n  Figure 11. 
The e f f e c t  of an e l a s t i c  l i n e r  on t he  normalized meridional 
s t r a i n  of t h e  resu l t ing  equivalent composite s h e l l  i s  shown i n  Figure 11, 
while t he  da ta  used t o  construct  t he  p lo t  i s  l i s t e d  i n  Table 7. The method 
f o r  es tabl ishing t he  extensional  s t i f f n e s s  i s  the  same a s  thaz described i n  
t h e  preceding sect ion on orthotropic theory. 
Referring t o  Figure 11, the unlined filament-wound dome with 
l i n e r  p l a s t i c  had a meridional s t r a i n  which was  e s sen t i a l l y  constant along t he  con- 
tour .  Inclusion of an e l a s t i c  aluminum l i n e r  induced a s imilar  s t r a i n  spike (as  i n  
t he  orthotropic analysis)  a t  t he  juncture of the  l iner-to-boss,  but  t h i s  
spike is expected t o  dampen out as p l a s t i c  flow is encountered a t  low vesse l  
i n t e rna l  pressures. 
C. RADIAL DEFI;ECTION OF FILAMENT-WOUND SHELL 
The r a d i a l  de f lec t ion  (def lect ion normal t o  ax i s  of r o t a t i on )  of 
a s h e l l  of revolution subjected t o  membrane loading is  expressed by t he  
following r e l a t i on  
with 
the  r a d i a l  displacement per un i t  pressure i s  
Computer output w a s  again used t o  define the  geometric pro- 
per t i es  of t h e  filament-wound s h e l l  a t  various points along the  contour. 
Reference 8 was used t o  es tab l i sh  modulus of e l a s t i c i t y  i n  the  hoop and 
meridian d i r e c t i o n ,  and Poisson% s a a t o  a t  t h e  requi red  c o n t o w  poin ts .  This  
d a t a  i s  s m a r i z e d  i n  Table 8 which a l s o  conta ins  ca l cu la t ed  values f o r  radia,l. 
d e f l e c t i o n  a t  each p o i n t ,  
Table 8 shows t h a t  the  r a d i a l  def lec t ions  of the  s h e l l  
were inward a t  t he  equator and up t he  dome u n t i l  t h e  boss region w a s  approached, 
due t o  t h e  high meridional load, very low hoop load, and Poisson's r a t i o s  f o r  
t he  mater ia ls .  
2. Composite Proper t ies  from Nett ing Theory 
I n  ne t t ing  theory Poisson's r a t i o  i s  zero, and t h e  r a d i a l  
displacement of a point  on the  s h e l l  of revolution i s  described by t h e  modi- 
f i e d  equation 
Using t he  computer output of Table 8 and the  following expression f o r  t h e  
modulus of e l a s t i c i t y  i n  t he  hoop d i rec t ion  
2 P E s i n  a 
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t he  r a d i a l  de f lec t ion  at  each point on t he  contour w a s  calculated and r e s u l t s  
l i s t e d  i n  Table 8. It should be noted t h a t  ne t t i ng  theory produced outward 
values f o r  def lec t ions  over t he  e n t i r e  dome. 
3. Discussion of Results 
Although r a d i a l  def lec t ions  could be computed eas i ly ,  t he  
de f lec t ion  i n  an orthogonal d i rec t ion  is  needed t o  loca te  the  def lec ted point  
i n  space, and t h e  equations governing t h i s  orthogonal de f lec t ion  requ i re  ex- 
tens ive  numerical solut ion.  
Because it was known t h a t  a c t u a l  balanced-in-plane domes 
def lec t  outward, it was decided t o  review empirical  da ta  on dome def lec t ions  
avai lable  a t  Aerojet  f i o m  past  programs. This review revealed the  following: 
e The existence of two zones of approximately l i n e a r  
load vs de f lec t ion  behavior due t o  t he  departure 
from or thotropic  proper t ies  with increasing s t r a i n ;  
above the  t r a n s i t i o n  load (approximately 25% of 
ul t imate ) where crazing i n i t i a t e s ,  t he  deformation 
behaves as predicted by t he  ne t t ing  analys is .  
@ Above the  crazing threshold,  def lec t ions  of points  
on the  domes were e s sen t i a l l y  normal t o  the  
unpressurized surface. 
Based on this, the  net t ing analysis  should be used to 
es tab l i sh  membrane s t r a i n s ,  s t resses ,  and def lect ion i n  glass  filament- 
wound vessels.  
The ne t t i ng  analysis  computer progTam assumes t ha t  the  
vessel  heads a r e  wound with tape of negl igible  width. This assumption pro- 
duces va l id  r e s u l t s  f o r  the  en t i r e  dome except f o r  an a rea  immediately 
adjacent t o  t he  boss, where t he  composite thickness predicted by the  analysis  
approaches i n f i n i t y .  This does not represent the  ac tua l  s i t ua t i on  (because 
f i n i t e  tape widths a r e  always used) and causes t he  analysis  t o  "blowup. " 
To determine t h e  port ion of t he  dome over which t h e  analysis  i s  valid,  t h e  
computer output w a s  analyzed t o  determine (1 )  t he  last good point where t h e  
ins ide  surface of t he  windings did not curve i n  upon i t s e l f ,  and ( 2 )  the  
isotensoid feature  of t h e  filaments was maintained. For t h e  12-in.-dia 
vessel ,  t h i s  occurred at a normalized r a d i a l  distance,  8, of 0.254 ( f o r  
reference, t h e  boss diameter normalized r a d i a l  distance,  8, i s  0.100). 
Coincidently, t h i s  i s  t h e  point a t  which t he  metal l i n e r  design of Figure 1 
s t a r t s  thickening i n t o  t he  polar boss. The computer output thus describes 
t he  dome between 8 = 1.000 and 8 = 0.254, and other methods must be used t o  
analyze the  r e k i n d e r  of t he  dome. Discontinuity forces and moments e x i s t  
here due t o  changes i n  sec t ion  propert ies and curvature, and t h e  presence 
of boss react ion loads. A d iscont inui ty  analysis  w i l l  be used t o  t i e  t h e  
remainder of t he  dome t o  t he  membrane. 
D. DISCONTINUITY ANALYSIS OF FILAMENT-WOUND COMPOSITE IN AREA 
OF BOSS/FMGE 
I n  t h e  region of the  boss/flange t he  filament-wound composite 
she l l ,  which ca r r i e s  only membrane loads, blends i n to  a r i g i d  band of 
mater ia l  1.57 times t h e  tape width which a c t s  as  a r ing  plate.* A t  t h e  t r a n s i -  
t i o n  point, r a d i i  of curvature change from f i n i t e  values i n  the  s h e l l  region 
t o  i n f i n i t e  values f o r  t h e  r i ng  pla te .  Figure 12 depic ts  a model of t h i s  
region broken down i n t o  f r e e  bodies with the  corresponding loads and t h e i r  
points of application.  The flange of the  boss is assumed t o  be disconnected 
from the  metal l i n e r  a t  t h e  discont inui ty  which implys a f r e e  f loa t ing  metal 
boss. The hor izontal  d iscont inui ty  force (HD) and bending moment (MD) can be 
determined by s e t t i n g  up two equations of compatibil i ty involving the  ro -  
t a t i o n  and displacements. Note i n  Figure 12 t h a t  provision was made t o  
account f o r  a uniformly d i s t r ibu ted  flange load or  a concentrated load 
act ing a t  any posi t ion along t he  flange which can be induced a s  a r e s u l t  of 
ro ta t ion  of t he  bodies. Compatibility of deformations a t  the  r ing / she l l  
juncture requires t h a t  
* 
The ~ , 6  fac tor  was determined from measurement of a sectioned tank. 
2 5 
The r i ng  loads a r e  given by t h e  followiiig equations ( see  Figure 12). 
The r i ng  def lec t ions  a r e  given by t h e  following: 
Ring ro ta t ions  a r e  given by: 
The extensional  s t i f f n e s s  of t h e  r i ng  is  
and t he  r i ng  f l exura l  r i g i d i t y  is  
S h e l l  d i s t o r t i o n  equations f o r  de f lec t ion  and r o t a t i o n  of t h e  
s h e l l  as a r e s u l t  of t h e  d iscont inui ty  loads were obtained from t h e  work 
done by Greszczuk (Reference 9). These equations, descr ibe  a shallow homo- 
geneous s h e l l  and must be modified t o  account f o r  the  or thot ropic  proper t ies  
encountered i n  a composite mater ia l .  The modified equations appear below, 
followed by de f in i t ions  of t h e  modifying fac to r s .  
where t h e  extensional  s t i f f n e s s e s  a r e  
a,nd the flexural r i g i d i t y  is 
With these  proper t ies ,  t he  beam cha rac t e r i s t i c  ( A h )  i s  es tabl ished by t he  
equation 
The beam cha rac t e r i s t i c  f o r  t h e  s h e l l  is  used t o  e s t ab l i sh  Greszczuk's 
parameter (CD) as 
which is then used t o  evaluate t h e  parameters, kl (ED), . . . ., Kn (tD) t h e  
values of which a r e  tabulated i n  Reference 9. 
The compatibil i ty equations i n  terms of influence coef f i c ien t s  can be wr i t t en  
and 
The nota t ion i s  such t h a t  U i s  the  def lec t ion of the  r i ng  ( R )  r e su l t i ng  from R 
MD 
uni t  pressure (p ) ,  and @ i s  the  ro ta t ion  of t he  s h e l l  ( h )  caused by the  h 
un i t  bending moment (M,.,). Note t h a t  
6 = %52 
R cos $D + H,, 
"HR 3 
i n  transforming &from Equation E t o  3 .  Also, in transf'omning from Equation 
2 to 4, the Sollowing is t rue 
Equations lA and 2A a re  solved simultaneously t o  a r r i ve  a t  t h e  
unknowns, H and . D MD 
The preceding equations were used t o  solve f o r  rota t ions  and 
def lect ions  a t  t h e  r ing-pla te /shel l  juncture fo r  t he  design shown i n  Figure 12, 
using e l a s t i c  propert ies of t he  composite derived from both ne t t ing  and 
orthotropic theory. The r e s u l t s  obtained a r e  summarized i n  Table 9. 
It can be seen from Table 9 t h a t  the  r e s u l t s  of the  calculations 
a r e  almost independent of t he  theory used t o  es tab l i sh  t he  e l a s t i c  propert ies 
of t he  composite material .  Further, the  r a d i a l  def lect ion a t  the  composite 
ring-to-membrane juncture was independent of t he  type of flange-bearing load 
(d i s t r ibu ted  or concentrated) and i t s  position, but r o t a t i on  w a s  s trongly 
influenced by t he  magnitude and point of load application.  A t  t he  vessel  
design burs t  pressure of 3000 ps i ,  the  r ad i a l  def lect ion was 0.040 in .  ( i . e . ,  
t he  "s l ip"  between the  f ree-f loat ing boss flange and composite r ing-pla te  i s  
0.040 in.  ). The ro t a t i on  of t h e  composite sect ion a t  t h e  junction ranges 
between 1.5 and 3' at  3000 p s i  depending on the  locat ion of the  bearing load. 
Slnce  t h e  resu l t s  sf' t h e  d i s c o n t i n u i t y  a n a l y s i s  a r e  indepe~ident  
of t h e  theo ry  used t o  esta ,bl ish t h e  e l a s t i c  p r o p e r t i e s  of t h e  f i l amen t -  
wound. composite i n  t h e  a,rea of t h e  boss-f lange,  it can be concluded t h a t  
n e t t i n g  %heow p r o p e r t i e s  a r e  s u f f i c i e n t  f o r  e s t a b l i s h i n g  v e s s e l  des igns .  
The calculations were performed using s ingle  values fo r  tape 
width ( r ing-pla te  width equal t o  1.57 times t he  winding tape width of 
0.268 in . ,  or 0.424 i n . )  and boss diameter ( D  /D = 0.1). I n  order t o  
e s t ab l i sh  t he  e f f ec t  of these po ten t ia l ly  varPab?e parameters on t h e  dome, 
fu r ther  calcula t ions  were required f o r  several  combinations of tape width 
and boss diameter. The Aerojet-modified version of t he  computer program 
described i n  Reference 3 was used t o  obtain the  geometric parameters at t he  
r ing-p la te / she l l  juncture f o r  several  wrap diameters defined by the  wrap 
radius parameter, X01. Note t h a t  X01 i s  not t he  boss radius ( ~ ~ / 2 )  when 
f i n i t e  t ape  widths (wL) a r e  considered, but  it can be defined by t h e  r e l a t i on  
This r e l a t i o n  es tabl ishes  a t heo re t i c a l  plane of wrap which i s  a b e t t e r  
approximation of t h a t  which i s  ac tua l ly  achieved i n  pract ice .  
Calculations were performed (using t he  geometric parameters from 
computer output and e l a s t i c  propert ies based on ne t t ing  theory) t o  obtain 
t he  e f f e c t  of tape width and boss diameter on the  def lect ion of the  dome a t  
t he  discont inui ty .  Results of these  calcula t ions  a r e  presented i n  Figure 13 
which shows r a d i a l  deflection,  a t  t he  design pressure of 3000 psi ,  as a 
function of tape width and normalized boss diameter. 
V. SOM BOSS DESIGN COEilCEmS 
The various polar boss configurations fo r  glass-filament-wound metal- 
l ined vessels considered during the  study a r e  showii schematically i n  Figure 
4 .  The schematics indicate  regions of t he  l i n e r  estimated t o  be i n  t he  
e l a s t i c  or p l a s t i c  ranges. Areas of possible debonding caused by def lect ion 
and ro ta t ion  of t h e  composite on top  of t h e  boss a r e  indicated.  Each of t he  
schematics i s  discussed below. 
A.  CONTRACT NAS 3-10289 BOSS DESIGN - @ 
This i s  t he  conventional design employed previously on t h i s  contract  
fo r  a 6061 aluminum l i n e r .  I n  t he  two tanks t es ted ,  the re  was some unbonding 
noted when t h e  tank was- sectioned, a s  indicated i n  the  sketch. This i s  con- 
s i s t e n t  with t h e  ana ly t i c a l  r e s u l t s .  It would be desi rable  t o  design t h e  
flange t o  ro t a t e ,  thus  uniformly d i s t r i bu t i ng  t h e  load and reducing t he  peeling 
act ion.  Metal l i n e r  p las t i c - to -e las t i c  condition occurs i n  the  t r a n s i t i o n  a r ea .  
B. CONTRACTS NAS 3-6287 and NAS 3-6297 BOSS DESIGN - @ 
This i s  t h e  conventional design employed on previous contracts  f o r  
t h i n  s t a i n l e s s  s t e e l  l i n e r s .  Although it i s  believed (from ana lys i s )  t h a t  
some unbonding might have occurred, t h i s  i s  not known fo r  a f a c t .  This con- 
f igurat ion has been acceptable fo r  use with g lass  filament composites i n  
single-cycle burs t  t e s t s .  
C .  CONTRACT NAS 3-6292 BOSS DESIGN - @) 
This i s  t h e  configuration used i n  a th ick  Inconel l i n e r  which was 
glass-filament overwrapped. The boss performed sa t i s f ac to r i l y ,  although t h e  
ultimate filament s t r e s s  l e v e l  obtained was only 90% of t h a t  o r ig ina l ly  ex- 
pected and most f a i l u r e s  appeared t o  or iginate  i n  filaments at t he  boss a r ea .  
D .  MATCHED ROTATION FIANGE BOSS - @ 
A flange taper  i s  provided t o  permit equal ro ta t ion  of t h e  filament- 
wound composite and boss flange, and t o  uniformly d i s t r i bu t e  boss react ion load. 
Mismatch of r a d i a l  def lect ions  may cause debonding a s  shown. P las t i c - to -e las t i c  
condition occurs i n  t he  t r ans i t i on  area .  
E . SLIDING LINW BOSS - @ 
This scheme would provide some excess l i n e r  material  t o  make up 
fo r  r a d i a l  def lect ion of t he  filament-wound composite. A s l i p  surface would be 
required and need t o  be provided. Debonding could be expected i n  a rea  shown. 
The p las t i c - to -e las t i c  condition would occur inboard of t h e  filament-wound 
composite and l i n e r  separation.  The l i n e r  might have trouble recovering upon 
re lease  of pressure. Fressure might deform the  l i n e r  around t he  metal boss 
supporting t h e  l i n e r  a t  t h e  point of filament-wound composite and l i n e r  separa- 
t i o n .  
F. TUBE BOSS - TYPE A - @ 
This scheme involves a small f i l l  tube (say a 2% boss) connected. 
t o  t he  l i n e r ,  a small -winding angle, and a wide t8pe width. The small boss 
r e s u l t s  i n  small def lect ions  and rota t ions ,  a small boss react ion load, and a 
thin-wall  tube. I n  t h e  configuration shown, t h e  uniform thickness tube w i l l  
take t he  i n t e rna l  pressure load below i t s  y ie ld  s t r e s s .  To keep from shearing 
out, t he  thickness of t he  tube under the  edge of t he  filament-wound composite 
needs t o  be about a s  th ick  as the  bas ic  tube; it tapers  down t o  t he  bas ic  l i n e r  
thickness rapidly.  Because t h e  tube behaves e l a s t i c i t y ,  debonding between t h e  
tube and filament-wound composite can be expected as indicated.  Plas t ic- to-  
e l a s t i c  act ion i n  t he  l i n e r  would occur where t he  l i n e r  thickens i n t o  t he  tube.  
G .  TUBE BOSS - TYPE B - @ 
This configuration i s  t h e  same a s  @ above, except t ha t  a port ion 
of t h e  tube i s  thinned down so  p l a s t i c  deformation of t h e  tube w i l l  occur i n  
t h e  hoop direct ion,  matching t he  r a d i a l  expansion of t he  opening i n  t he  
filament-wound composite dome. The t h i n  port ion of t h e  tube would be enough 
t o  take longi tudinal  loads and would be overwrapped a s  d ic ta ted  by design 
d e t a i l s  with g lass  or lower modulus mater ia l  t o  permit proper hoop expansion. 
The thickness of the  tube under t h e  edge of t he  filament-wound composite and 
a s  t he  tube e x i t s  f romthe  outside surface of t he  filament-wound composite 
would need t o  provide adequate shear strength and hoop tension s t rength.  Be- 
cause of t he  two thickened r i ng  sections i n  the  tube, some debonding i s  ex- 
pected a s  indicated.  
H. TUBE BOSS - TYPE C - @ 
This i s  t he  l a rge r  tube configuration (-10% of vessel  diameter) 
based on same idea  a s  0 above. It i s  large  enough t o  permit support of the  
mandrel e a s i l y  i n  t h e  winding machine. 
I. FILAMENT REINFORCEB PLASTIC BOSS WITH TUBE - TYPES A & B - @ and@ 
This i s  similar t o  @ except t h a t  a filament reinforced p l a s t i c  
boss i s  provided between t he  small tube and t he  filament-wound composite. 
This boss provides something t o  g r i p  for  posit ioning t h e  mandrel i n  t h e  winding 
machine. It would have a lower modulus than a metal member and would thus be 
more f l ex ib le .  It would not be f l ex ib l e  enough t o  de f l ec t  r ad i a l l y  with t he  
filament-wound composite and debonding i s  expected a s  shown. Also, because 
th ree  materials  would be in te r fac ing  filament-wound composite, l i n e r ,  filament 
reinforced p las t i c ,  debond could occur where t he  th ree  materials  in te r sec t ,  a s  
shown. 
J. F I W N T  REINFORCED PLASTIC BOSS WITH TUBE - C - @ 
In  t h i s  configuration (similar  t o  the  concept employed on Contract 
NAS 3-2562 Reference lo) ,  a more f l ex ib le  filament reinforced p l a s t i c  boss i s  
provided i n  conjunction with a la rger  tube s ize .  The filament reinforced p l a s t i c  
boss would have suf f ic ien t  s t rength  t o  take boss shear and longi tudinal  loads.  
In  the  hoop direct ion,  it i s  envisioned t ha t  a l0s.r modulus hoop scrap ( e  .g . ~ a c r o n )  
would be used t o  permit r a d i a l  expansion of the  rilament reinforced p l a s t i c  boss 
and t he  t h i n  tube with the  opening i n  the  filament-wound composite dome. De- 
bonding i s  possible a s  indicated,  A higher modulus, high-strength hoop wrap 
( e  .g., g l a s s )  would be used on t he  filament reinforced p l a s t i c  boss before it 
e x i t s  from t h e  hole i n  t he  filament-wound composite. 
K. PLASTIC SPRING BOSS - 
I n  t h i s  scheme, pressure i n  t he  vessel  i s  used t o  expand t he  l i n e r  
pas t  y ie ld  against  t he  opening i n  the  filament-wound composite dome. 
The l i n e r  i s  f l ex ib le  up t o  t he  opening and i n  t he  opening. Hoop wrap can be 
provided a s  needed t o  control  r a d i a l  def lect ion a s  t h e  l i n e r  thickens a s  it 
e x i t s  from t h e  opening i n  t he  filament-wound composite. A s l i p  surface i s  
provided on t h e  other boss member which takes  out t h e  boss reac t ion  load. 
Another schematic of t h i s  configuration i s  shown i n  Figure 1 5 .  Enough f l e x i -  
b i l i t y  i s  provided t o  accommodate filament-wound composite def lec t ion .  Pressure 
a c t s  t o  form the  l i n e r  and reduced bond s t resses .  
L. BELLOWS SPRING BOSS - TYPES A AND B - @ and @ 
These both have bellows springs t o  provide more f l e x i b i l i t y  of t he  
boss. However, because of t he  surface of revolution of t h e  spring, t he  spring 
i s  res t ra ined by t he  hoop s t r e s se s  induced during expansion, and a high degree 
of f l e x i b i l i t y  .is not provided. Debonding would probably r e s u l t  a s  indicated.  
After review of t he  advantages and disadvantages of each of t h e  
concepts, Configurations @J and @ were selected fo r  de ta i l ed  design. 
A, PUSTIC SPRPrJG BOSS 
The basic features  of t h i s  boss design concept a re  shown i n  
Figure 16. 
1. Design Assumptions 
a. The vessel pressure a c t s  over the en t i r e  Al-1100 l i n e r  
surface forcing the  l i n e r  t o  s t r a i n  with the filament-wound composite. 
(pressure vent holes a r e  provided i n  the boss body and no sea l  e x i s t s  between 
the l i n e r  and flange except a t  the end of the opening i n  the l i n e r . )  
b. A shor t  cylinder of high-strength aluminum i s  provided 
t o  minimize d i s to r t i on  a t  the Al-1100 weld a rea  and a l s o  t o  a c t  a s  a hinge a t  
i t s  f r ee  end allowing the Al-1100 t o  s t r a i n  with the  composite. 
c. The boss flange has a zero net  pressure across i t s  
thickness; the  react ion load i s  due t o  pressure acting over the  po r t  a rea  only. 
d. T h e A 1 - 1 1 0 0 l i n e r s l i p s o v e r t h e b o s s f l a n g e  surface. 
2. Filament-Wound Com~osite 
I n  order t o  es tab l i sh  the  s t r a i n  and ro ta t iona l  requirements 
of the boss f o r  t h i s  design, a discontinuity analysis  was performed a t  the  ring- 
p la te / she l l  juncture of the filament-wound composite. The tape width w a s  
assumed t o  be 0.268 in .  and the  boss diameter 1.2 in .  ( the  opening i n  the  
filament-wound composite). These sues correspond t o  a r ing-plate width of 
0.424 in .  Computer outputs were used t o  es tab l i sh  geometry, and net t ing theory 
was used t o  e s t ab l i sh  properties of the  filament-wound composite. 
Results of t h i s  analysis  a r e  summarized below: 
A t  the design pressure of 3000 ps i ,  the  preceding variables have the  following 
values: 
Distributed 
(e  = .212) 32,100 193 7 1536 -122.7 -3042 .0287 0.79 
Concentrated 
(e  = .424) 32,100 1536 1536 +59 7 -3285 .0285 0.23 
a. Ring Stress Analysis 
Based on these values, the ring may be shown as a f ree  
body and the corresponding stresses calculated. For the case of a uniformly 
distributed load, the free body i s  shown below. 
Resulting twisting moment 
= k.024(-122.7) + 1.024(.2l2)(1536) + . a 2  d ) 1937 I 
Maximum composite hoop s t r e s s  (outside surface) 
Hoop filament s t r e s s  
Meridian composite s t r e s s  (outside surface) 
Filament s t r e s s  (outside surface) 
- c r L ~  - 76,400 
uf - 2 - 
Pvg 
cos aD .67( .60738)~ 
uf = 309,100 p s i  
A l l  s t r e s se s  a r e  l e s s  than the  allowable ult imate 
s t rength  of the ~ - ~ l a s s / e ~ o x ~  c mposite f o r  t h i s  pa r t i cu l a r  design. 
b. Ring Deflection a t  RA 
The deformation of the  l i n e r  a t  the  bend radius,  RA, 
( t r ans i t i on  from p l a t e  t o  cyl inder)  i s  required f o r  l a t e r  ca lcula t ions  of com- 
pos i t e l l i ne r  s t r a i n  compatibility. Because the e l a s t i c  proper t ies  of the  r ing 
vary across i t s  width due t o  filaments oriented a t  various angles, assumptions 
must be made i n  order t o  define the  expected def lect ion a t  RA.* 
* 
Refer t o  Figure 12 f o r  de f in i t i on  of geometric and load parameters. 
It i s  asswned t h a t  the r a d i a l  d e f l e c t i o n  a t  RA i s  
caused by the  t o t a l  Load, % = EL cos  $ + KD, a c t i n g  a t  r a d i u s ,  %, and may. be 
expressed by t h e  r e l a t i o n  
The deflection i s  now only a function of the effect ive extensional s t i f fnes s ,  
BHR, of the ring. 
(1)  Assume a = a = 52.6O R B 
The extensional s t i f fnes s  i s  
and, the deflection i s  
6, = 29,058( .6)(2)(1.024)' P - = 0.025 in .  
The hoop s t r a i n  i s  
(2) Assume a = go0 (ring i s  a l l  hoop wraps) R 
The extensional s t i f fnes s  i s  
and, the deflection i s  
6 = A = 0.016 in .  
The hoop s t r a i n  is 
The deflect ion a t  RA i s  
8 = E R = 0.028(.6) = 0.017 in .  A HA A 
and, the  resulting e f f e c t i v e  extensional  s t i f f n e s s  i s  





E ~ R  
3*"5 xqlo = 7. n x 10 p s i  0.40 
Since assumption (3) provides a n  e f f e c t i v e  modulus 
midway between t h e  a c t u a l  values a t  RA and RD, t h e  v d u e s  of s t r a i n  and deflec-  
t i o n  which correspond t o  t h i s  modulus w i l l  be used. 
3 0 Boss Material Proper t ies  
a. 1100-0 Aluminum 
Ultimate t e n s i l e  s t rength ,  FtU = 13,000 p s i  
Tensile  y ie ld  s t rength ,  F = 5000 p s i  
t y  
Ultimate t e n s i l e  s t r a i n ,  ctU = 0.20 in . / in .  
E l a s t i c  Poisson r a t i o ,  v = 0.3 E 
P l a s t i c  Poisson r a t i o  , wE = 0.5 
6 E l a s t i c  modulus, E = 1 0  x 1 0  p s i  
Determination of the  uniaxia l  p l a s t i c  modulus was 
based on the following equation 
where the  parameters a r e  defined i n  t h e  s t r e s s / s t r a i n  diagram below. 
From the  diagram 
and t h e  p l a s t i c  modulus i s  
For the  1100 mater ia l  
= 40,100 p s i  
If t h e  mater ia l  i s  subjected t o  a 1:l b i a x i a l  s t r e s s  
f i e l d ,  the  s t r a i n  equation i n  the  p l a s t i c  region can be w r i t t e n  
It i s  interes  
the material 
axial  s t rain.  
t ing t o  note, t ha t  by t h i s  method a t  the ultimate strength of 
(cr = F ~ ~ )  the biaxial  s t r a in  equals one half the ultimate uni- 
b. 22Lg-~87 Aluminum 
Ultimate tens i le  strength, FtU = 70,000 ps i  
Tensile yield strength, F = 53,000 ps i  
t y  
Ultimate tens i le  s t ra in ,  E = 0.10 in./in. t u  6 Elast ic  modulus, E = 10 x 10 ps i  
Weld joint  efficiency = 57% 
The p las t ic  modulus i s  determined, a s  above, from the equation 
The s t r a in  equation i n  the p las t ic  region due t o  a uniaxial s t r e s s  f i e l d  
(u = 0.0) i s  L 
Require t h a t  the flawe of the boss must have the  same rota-  
t i o n  a s  the  composi"c r ing  port ion of the  head. Thus, the  reac t ion  load may 
be assumed t o  be d i s t r ibu ted  uniformly over the flange bearing a rea  and Case 
2l of r e f .  7 applies.  
= 1568 p s i  
Aa = .0694 + .1579 = 0.1348 ( r e f .  7, p. 241) 
t 3 - = 0,00~_61t in, 3 
fg 
t = 0.118 i n ,  
fg 
Check bending s t r e s s  
Ft M.S. = - 1 = 53,Ooo _ 1 = 79,700 - B 
Therefore, a concentrated load must be used. Use Case 22 of ref. 7, with t he  
requirement of matched ro ta t ions  f o r  design only. 
t = 0.261 in.  fg  
Check bending s t ress  
u = 0m563 (3400) = 28,100 psi  
(.261)' 
The margin of safety i s  
schematic 
5. Hinge Design 
A model of the proposed hinge i s  s h m  i n  the following 
The effect  of varying the thickness of the hinge, t22, on the resul t ing 
s t resses  i n s  determined by a detai led analysis and r e su l t s  a r e  contained i n  
the appendix. Assuming a weld occurs at  the fixed point of the hinge, the 
allowable t ens i l e  yield s t re rg th  of the 2 a 9  aluminum a l loy  i s  
(Fty)weld = 0.57(53,000) = 30,000 p s i  
Inspection of the tab le  of r e su l t s  i n  the appendix indicates  t ha t  a hinge 
thickness of 0.15 in .  should be adequate f o r  t h i s  application. 
a. S t ress  Analysis 
Since the hirge (a-2219)  and the l i n e r  (Al-1100) 
bend together with the application of pressure, the t o t a l  thickness of the 
combined materials must be used i n  s t r e s s  calculations.  
t = t  11 + t22 = 0.15 + 0.05 = 0.20 in .  
Assuming the Al-1100 i s  i n  the p l a s t i c  range and the  Al-2219 i s  e l a s t i c  a t  the  
design pressure of 3000 psi ,  the f lexural  r i g i d i t y  of the equivalent hinge i s  
and the beam character is t ic  i s  
The neutral  ax is  of the hinge referenced t o  the inside surface of the 1100 
l i n e r  i s  
- - 
Y 3'22 = 0.125 in .  
The basis  f o r  a l l  of the above approximations i s  tha t  the r a t i o  of the modulii 
of e l a s t i c i t y  of 2219 (e l a s t i c )  and 1100 (p las t ic )  i s  
(1) a-2219, Meridional Bending Stress 
The margin of safety I s  
(2) Al-1100, Maximum MeridionaJ- S t ress  
Using the r e su l t s  of Section V-A-2-b, which 
defines the  s t r a i n  a t  RA = 0.6 t o  be the same a s  the s t r a i n  a t  RD = 1.024 
and the r e su l t s  i n  Section V-A-3-a, which defines 1100 l i n e r  s t r a in ,  under a 
1:l biaxiail s t r e s s  f i e ld ,  t o  be 
the s t r e s s  i n  the  1100 a t  RA becomes 
For, E =0 .028 in . / i n .  
H~ 
0 = = 7220 p s i  
L~ 
Assuming t h a t  the  load i n  t he  l i n e r  i s  t ransferred around the corner a t  R 
then load equilibrium requires t h a t  the  d i rec t  (membrane) s t r e s s  i n  the $60 
a t  the weld be proportional t o  the  s t r e s s  a t  rA. 
and 
- cr - - = 2890 p s i  - 
Lzr t~~ 
The mximwn "uemdiw strain in the A$-lb00 at " c h e  
weld i s  
and the corresponding s t r e s s  a t  t h i s  s t r a i n  leve l  i s  
The maximum combined meridional s t r e s s  i s  
#L = 5220 + 2890 = 8110 ps i  
mx 
The margin of safety i s  
b. Deflections and Rotations 
The equations developed i n  the appendix are  used t o  
check the deflections and rotations of the hinge. 
(2) Free End 
6 = C0.720 + 0.982 - 1.193 x = 0.510 x lom3 in .  
e = b.790 - 7.6063 x lom3 = 2.184 x 10-3 rad 
8 = 0.12 degrees 
6 .  F r i c t i o n a t L i n e r t o B o s s F l a n g e S w r f a c e  
During vessel  pressurization,  t he  Al-1100 l i n e r  must s l i d e  
on the  order of 0.017 t o  0.025 in .  a t  the burs t  point  of 3000 psig. The s l i d -  
ing should be a l i n e a r  function of pressure, as should the f r i c t i o n  force 
between the  two surfaces.  The normal force,  Nfr, between the l i n e r  and flange 
i s  due t o  the pressure act ing over the por t  a rea  only. The f r i c t i o n  force,  
Ffr, may be expressed a s  
The maximum value of the normal force i s  
2 
N~ = (3000 psi)(n)(0.066 in . )  = 3380 i b  
The load carrying capab i l i ty  of the  0.010-in.-thick l i n e r ,  L, a t  the  RD 
diameter i s  
L = (~)("c(fi)(z~~) = (5000 p~i)(0,0l0)(rc)(2)(1.0$b in,) 
The coeff ic ient  of f r i c t i o n ,  y, aluminum-to-aluminum i s  g r e a t e r  than 1.00, 
while y between Teflon and aluminum i s  about 0.04. 
If a Teflon coating i s  applied t o  one o f  the  aluminum sur- 
faces ,  the  f r i c t i o n  force w i l l  be reduced from a value of over 3380 l b  a t  3000 
p s i  t o  
B. MATCHED ROTATION FLANGE BOSS 
Basic fea tu res  of t h i s  boss design concept are shown i n  Figure 17. 
1. Design Assumptions (see  Figure 18)  
a. The Al-1100 metal s h e l l  gradual ly  increases  i n  th ick-  
ness from 0.010 i n .  t o  0.050 i n .  at the  weld rad ius  (%). 
b. An ~ 1 - 2 2 l 9 - ~ 8 7  boss flange of thickness,  tfg, i s  joined 
t o  t h e  metal s h e l l  by means of a weld a t  G. 
c. The U-1100 metal s h e l l  p l a s t i c a l l y  deforms with t h e  
filament-reinforced composite, bu t  the  more r i g i d  U - 2 a 9  r e s i s t s  deformation, 
causing a mismatch of ro ta t ions  between t h e  composite r i n g  and t h e  metal f lange 
f o r  a l l  r a d i i  less than s. 
d. The t o t a l  boss load i s  concentrated on the  reac t ion  
c i r c l e  defined by the  weld radius ,  Q. 
2. Composite Ring Rotation 
I n  order  t o  ca lcu la te  the  r o t a t i o n  of t h e  composite r ing ,  
the  load model (see  Figure 18)  must conform t o  t h e  model es tabl ished i n  
Section I V .  
No. 1, Actual Applied Loads No. 2, Equivalent Load Model 
The equivalent load model i s  found by replacing the concen- 
t r a t ed  load (vR) and pressure load (p)  with a single concentrated load (VA) a t  
a distance (e )  from the inside of the ring; the distance ( e )  es tabl ishes  an 
equivalent moment system 
where 
and, by substi tution,  the distance, e, i s  found t o  be 
% = 1.024 in., R = 0.6 in. and R~ = 0.995 in. A 
e = 0.396 in.  
From Section V-A-2, the ring moment and shear a t  the burst  pressure a re  
in.  -1b I$.,, = 3000 [.2869(.396) - .lo171 = +35.73 in. 
and the ring rotat ion i s  
e, = 2.268(-3259) + 56.39(35.*)1 x = 0.00538 radians [ 
The thickness of the flange required t o  match the ro ta t ion  
of the composite ring a t  % i s  calculated i n  accordance w i t h  formulas described 
on page 242 of ref. 7 (case 22). 
where 
2 W = p n qi = 3000 n (.995)2 = 9331 l b  
and by interpolation 
The flange thickness i s  
= 0.294 i n .  
and t h e  maximum bending stress i s  ca lcu la ted  from t h e  formula 
@22 




t h e  bending s t r e s s  i s  
and t h e  margin of s a f e t y  i s  
M.S. = 70,000 57,300 - 1 = +0.22 - 
4. S t r a i n  Analysis 
It i s  assumed t h a t  a bond does not e x i s t  between t h e  composite 
r i n g  p l a t e  and the  A l - 2 a g  por t ion of the boss f lange a t  the b u r s t  pressure; the  
Al-2219 f lange does not  r e s t r i c t  the  s t r a i n  of t h e  composite r i n g  p l a t e .  It i s  
f u r t h e r  assumed t h a t  a bond does e x i s t  between the Al-1100 metal s h e l l  and t h e  
composite s h e l l  up t o  some point  located  near the  weld. These assumptions 
imply s t r a i n  compat ib i l i ty  and load equil ibrium between the  Al-1100 and the  
composite s h e l l ,  and load t r a n s f e r  only from the  A1-1100 through the  weld i n t o  
t h e  Al-22l.g. The resu l t ing  ca lcula ted  values f o r  s t r a i n  i n  t h e  Al-1100 w i l l  be 
t h e  maximum expec t e  d value s . 
The equation for the taj3gential strain of the ring-plate is 
and, the  rad ia l  s t r a i n  i s  
Neglecting the low bending moment, the applied tangent ia l  and r a d i a l  s t resses  
a r e ,  r e  spec t i ve ly ,  
a. Ring-platelshell Junction R = RD 
t = 0.404 + 0.050 = 0.454 i n .  
The applied tangent ia l  s t r e s s  i s  
0 = 130,700 ps i  
t~ 
and the radial stress is 
- 
4 
2e9 lo = 63,900 ps i  5- - D 
Based on a wrap angle of 52.6O, the  orthotropic proper t ies  of the  filament 
composite a r e  
6 6 Et = 0.45 (8.47 x 10  ) = 3.81 x 10 p s i  
6 6 Er = 0.32 (8.47 x 1 0  ) = 2 . n  x 1 0  p s i  
Assuming the A1-1100 i s  i n  the p l a s t i c  range, the  proper t ies  a r e  
6 E = 0.04 x 10 p s i  
The corresponding proper t ies  of the  t o t a l  composite a r e  
6 
= 3.39 x 10 p s i  
6 
= 2.42 x 10  p s i  
The tangential  s t r a i n  i s  
and the radial s t r a i n  i s  
It should be noted t h a t  both these values f a l l  within the p l a s t i c  portion of 
the s t ress / s t ra in  curve f o r  Al-1100, but nei ther  value i s  g rea te r  than the  
ultimate s t r a i n  capabi l i ty  (ctu = 0.2 in./in.) of the material. 
b. AL-22~9/~-1100 Junction R = 'fl, 
The applied tangential  s t r e s s  i s  
a t  = 132,700 p s i  
W 
and the r ad i a l  s t r e s s  i s  
eir = 61,900 psi 
1.I 
With a wrap angle of 54*8', the filament composite properties are 
6 6 Et = 0.48(8.47 x 10 ) = 4.07 x 10 psi 
6 E~ = 0.31(8.47 x lo6) = 2.63 x 10 psi 
v = 0.6 tr 
The properties of the total composite are 
E = 6 [4.07( 404) + .04(0. 511 x lo6 = -63 psi t 0.454 
- 4.07(.404)(.38) + .04(.05)(.51 
"rt - = 0.38 4.07(.404) + .04(.05) 
The tangential strain is 
and the  radia,l s t r a i n  is 
In  order to  determine the s t r a i n  of the Al-2219 flange, 
the load transmitted through the weld must be determined. This load i s  
dependent on the resultant s t resses  i n  the Al-1100; the s t resses  can be 
determined from the s t r a in  equation i n  Section VI-A-3 modified t o  account f o r  
an unequal biaxial  s t r e s s  f i e ld .  The resulting equations a re  
Substituting ehe calculated values f o r  s t r a i n  in to  the equations and solving 
the equations simultaneously r e su l t s  i n  the following s tresses  
ct = 6512 ps i  
Gr = 5921 psi 
Since the Al-2219 i s  the same thickness a s  the Al-1100 a t  the weld, these a re  
a l so  the values f o r  applied s t r e s s  i n  the Al-2219. The resulting s t ra ins  a re  
and 
Comparison of these  s t r a l n  l e v e l s  with those ca lcu la ted  f o r  the  Al-1100 l e a d s  
t o  t h e  conclusion t h a t ,  i n  the  a rea  of the  weld, t h e  Al-2El.9 f lange i s  r i g i d l y  
r e  s t r a ined  a s  the  A1-1100 def orrns p l a s t i c a l l y ,  
c .  Ring-Plate Ins ide  Diameter ( R  = RA) 
Although t h e  composite r ing-pla te  does not influence 
t h e  s t r a i n  of t h e  A1-2219 f lange,  based on t h e  i n i t i a l  assumptions, it i s  of 
i n t e r e s t  t o  know the  expected value of s t r a i n  a t  the  inner  surface of t h e  
r ing-pla te .  
For a wrap angle of go0, t h e  or thot ropic  p roper t i e s  of  
t h e  f i lament composite a r e  
6 E~ = 8.47 x 10 p s i  
6 6 E~ = .34(8.47 x 1 0  ) = 2.88 x 1 0  p s i  
vrt = 0.08 
vtr = 0.25 
The r a d i a l  s t r e s s  (ur) i s  zero and t h e  t angen t ia l  s t r e s s  i s  
utA 
= 2~8,600 p s i  
The t w e n t i a l  s t r a i n  i s  
and the  r a d i a l  s t r a i n  i s  
The r e l a t i ve ly  large tangential  s t r a i n  of the com- 
posi te  r ing-plate compared t o  the l m  s t r a in s  associated with A1-2219 flange 
indicates  the shear d i s tor t ion  required of the bond material .  This shear 
d i s to r t i on  coupled with the peal ac t ion  induced by the mismatch i n  ro ta t ion  
of the flange and the ring-plate a t  R = RA, tends t o  j u s t i fy  the assumed non- 
existence of the bond a t  the burs t  pressure. 
m-. COWS;EB 'VFSSEL DESIGNS 
A, A E U M I m  LIXER WITH PLASTIC SPRING BOSS 
The boss design developed i n  SectionVI was incorporated i n t o  t h e  
vessel  membrane design of Section 111, t o  r e s u l t  i n  the  vesse l  l i n e r  design 
shown i n  Figure 19. 
B. ALUMINUM LINER WITH MATCHED ROTATION FWGE BOSS 
Figure 20 shows the  l i n e r  design r e s u l t i n g  from incorporat ion of 
the  boss design of Section V i n t o  the  vesse l  membrane design of Sect ion 111. 
Figure 21 presents  the  complete design conf igura t ion f o r  t h e  
alminum-lined glass-filament-wound vesse l ,  incorporat ing e i t h e r  the  p l a s t i c  
spring boss or t h e  matched r o t a t i o n  f lange boss. 
A method was developed f o r  ana lys i s  and de ta i l ed  inves t igat ion of t h e  
dome ends of metal-lined glass-filament-wound ~ r e s s e l s  i n  the  v i c i n i t y  of a n  
a x i a l l y  loca ted  polar  boss. It represents  an extension and supplement t o  the  
methods genera l ly  used f o r  membrane ana lys i s  of  filament-wound composite pres-  
sure-vessel  s h e l l s  (domes and cyl inder)  , and f o r  d i scon t inu i ty  ana lys i s  of the  
dome-to-c y l inder  juncture. 
The a n a l y t i c a l  method was  developed f o r  and appl ied  t o  a spec i f i c  pres-  
sure-vessel design configurat ion:  a 12-in. -dia by 18-in.-long closed-end , 
c y l i n d r i c a l ,  glass-filament-wound vesse l  l i n e d  wi th  0.010-in.-thick aluminum, 
wi th  aAuminum polar  bosses with diameters equal  t o  10% of the  vesse l  diameter 
located  a x i a l l y  on each dome end, designed f o r  a b u r s t  pressure of 3000 p s i  
a t  75'3'. F i r s t ,  c r i t e r i a  f o r  the  pressure-vessel design were reviewed and 
ava i l ab le  glass-f i lament s t rengths  es tabl ished f o r  t h e  longi tudinal  and c i r -  
cumferential windings. A membrane ana1ysiswa.s then conducted f o r  the  c y l i n d r i -  
c a l  sec t ion  and the  vesse l  domes from the  dome-to-cylind-er juncture up t h e  
head t o  the  v i c i n i t y  of the  a x i a l  polar  boss using a previously developed 
computer program. A head-to-c y l inder  d i scon t inu i ty  a n a l y s i s  was then performed- 
t o  determine fo rces  and moments a t  the  juncture and maximum s t r e s s e s .  The 
maximum stress due t o  the  d i scon t inu i ty  w a s  only 0.8% higher than the  membrane 
s t r e s s .  Following t h i s ,  the  vesse l  filament winding p a t t e r n  w a s  determined. 
Then the. metal-lined glass-filament-wound vesse l  domes were charac te r i zed  
when subjected t o  i n t e r n a l  pressure and boss reac t ion  loads  wi th  emphasis on 
the  a x i a l  polar  boss The meridional wrap angle a s  a funct ion of 
normalized r a d i a l  d is tances  i s  shown graphical ly;  most of the vesse l  head had 
wrap angles l e s s  than 20°. Normalized hoop rad ius  of curvature and normalized 
filament-wound composite th ickness  a r e  presented g raph ica l ly  as a funct ion of 
wrap angle. E l a s t i c  p roper t i e s ,  def lec t ions ,  r o t a t i o n s ,  and s t r a i n s  were 
determined by or thot ropic  ana lys i s  and ne t t ing  ana lys i s .  
It was from or thot ropic  ana lys i s  t h a t  t h e  glass-filament-wound dome had 
an  increasing stra,in up the  dome; a t  the  point  where the  metal l iner- to-boss  
t r a n s i t i o n  would be located,  t h e  s t r a i n  was 11% g r e a t e r  than at t h e  equator.  
The maximum meridional s t r a i n  occurred on top of where the  boss would be 
located  and was 50% g r e a t e r  than a t  the  equator. 
Netting a n a l y s i s  r e su l t ed  i n  e s s e n t i a l l y  constant  meridional s t r a i n  up 
t h e  dome. 
Although r a d i a l  de f l ec t ion  could be computed e a s i l y ,  t h e  de f lec t ion  i n  
a n  orthogonal d i r e c t i o n  w a s  needed t o  l o c a t e  t h e  def lec ted  point  i n  space; 
the  equations governing t h i s  orthogonal de f lec t ion  required extensive numeri- 
c a l  solut ion.  Ins tead,  empirical  da ta  on dome def lec t ions  were reviewed. It 
was determined t h a t ,  f o r  g l a s s  filament-wound vesse l s ,  two zones of approxi- 
mately l i n e a r  load vs de f lec t ion  e x i s t  due t o  the  departure from or thot ropic  
proper t ies  wi th  increasing s t r a i n ;  above the  t r a n s i t i o n  load (approximately 
25% of u l t imate)  where crazing i n i t i a t e s ,  the  deformation behaves as predic ted  
by net t ing  ana lys i s .  Above the  crazing threshold,  de f l ec t ions  of po in t s  on 
the  domes were e s s e n t i a l l y  normal t o  the  ur~pressurized surface ,  Based on 
t h i s ,  it wa,s determined t h a t t h e  netwing ana lys i s  should be used f o r  g lass -  
filament-wound vesse ls  f o r  e s tab l i sh ing  s t r a i n s ,  s t r e s s e s ,  and de f lec t ions .  
I n  the  a rea  of the dome immediately adjacent  t o  t h e  boss, the  composite 
thickness increases  rapidly ,  and d i scon t inu i ty  fo rces  and moments e x i s t  here 
due t o  changes i n  sec t ion  p roper t i e s  and curvature, necess i t a t ing  a discon- 
t i n u i t y  ana lys i s  of the  sec t ion.  The discont inui ty  ana lys i s  analyzed the  
filament-wound composite buildup a t  the  boss as a r ing-p la te  and accounted 
f o r  the  f l a r g e  bearing loads  ( d i s t r i b u t e d  o r  concentrated) of a f ree - f loa t ing  
boss. Ring loads,  def lec t ions ,  and r o t a t i o n s  were determined. The r e s u l t s  
were almost independent of the theory  used t o  e s t a b l i s h  e l a s t i c  p roper t i e s .  
Radial de f l ec t ion  a t  t h e  composite ring-plate-to-membrane juncture was inde- 
pendent of t h e  type of f lange bearing load ( d i s t r i b u t e d  o r  concentrated) and 
i t s  pos i t ion ,  but  r o t a t i o n  w a s  s t rongly  influenced by t h e  magnitude and point  
of load appl ica t ion.  For example, a t  the  vesse l  design burs t  pressure,  the  
r a d i a l  de f l ec t ion  was 0.040 i n .  (i .e. , the  "s l ip"  between the  f ree - f loa t ing  
boss f lange and composite r ing-p la te  i s  0.040 in . ) ;  t h e  r o t a t i o n  of the  com- 
p o s i t e  sec t ion  a t  the  junction ranged from 1.5 and 3' depending on l o c a t i o n  
of t h e  bearing load. Since r e s u l t s  of the  d i scon t inu i ty  ana lys i s  were inde- 
pendent of theory used t o  e s t a b l i s h  e l a s t i c  proper t ies ,  it w a s  concluded t h a t  
ne t t ing  theory  p roper t i e s  a r e  s u f f i c i e n t  f o r  e s tab l i sh ing  vesse l  designs. 
Axial polar-boss design concepts f o r  metal-lined glass-filament-wound 
vesse ls  a r e  re.viewed. Detai led s t r u c t u r a l  ana lys i s  and designs f o r  two 
se lec ted  metal polar  bosses a r e  then presented: ( 1 )  a boss wi th  matched 
r o t a t i o n  f lange b u t t  welded t o  t h e  aluminum l i n e r  membrane, and (2 )  a  p l a s t i c  
spring boss i n  which the  t h i n  l i n e r  extends i n t o  t h e  opening i n  the  filament- 
wound composite a t  the  a x i a l  por t  and another boss member i s  provided t o  take  
ou t  t h e  boss reac t ion  load.  These designs were incorporated i n t o  t h e  membrane 
ana lys i s  pressure-vessel designs were es tabl ished during i n i t i a l  por t ions  of 
the  work. These configurat ions have been se lec ted  f o r  evaluation by means of 
f abr ica t ing  and t e s t i n g  pressure vesse l s .  
933.Bm 1. DESIGN CRJTEREa 
12-in.-dia by 18-in,-1ong AEuminwn-Lined Glass- 
Filament-Wound Pressure Vessels 
Geometry and Pressure 
Diameter, in .  12.000 
Length, in .  18.000 
Polar Boss Diameter, in .  1.200 
Metal Liner Thickness, in .  0.010 
Design Burst Pressure a t  75OF, psig 3000 
. a t  -320°F, psig 3750 
a t  -423O~, psig 3750 
Material Properties 
Density, lb/in.3 
Coefficient  of thermal expansion, 
in./in. - OF at +75 t o  -423'~ 
Tensile-yield strength, ps i  
Derivative of yield strength with 
respect  t o  temperature, p s i / o ~  
Proportional l i m i t ,  p s i  
Derivative of proportional l i m i t  
with respect  t o  temperature, p s i / o ~  
Elas t ic  modulus, p s i  
Derivative of e l a s t i c  modulus with 
respect  t o  temperature, p s i / O ~  
P la s t i c  modulus, p s i  
Derivative of p l a s t i c  modulus with 
respect  t o  temperature, p s i / O ~  
Poisson's r a t i o  
Derivative of Poisson's r a t i o  with 
respect  t o  temperature, l/OF 
Volume f r ac t i on  of filament i n  
composite 
Longitudinal filament, design- 
allowable s t r e s s ,  p s i  a t  +75OF 
a t  -3200E' 
a t  -423O~ 
Aluminum Glass-Filament- 




































































































































SCHEMATIC OF METAL BOSS 








































































( ~ o d u l u s  Based on Orthotropic ~ h e o r y )  
a, degree 
90. 00 3.042 1.484 
a, degree cos a 





1s. 64 0.97944 
15 .lo 0.96547 
18.84 0.94642 
21.5 0.93042 
23 25 0 91 879 




35 89 0.&014 
37-00 0.79864 
41.12 0 75333 
TmLE 6. FILAMENT-WOUND SHELL 
( ~ o d u l u s  Based on Netting   he or^) 
E L L / P V ~ E ~  
2 
= COS a 
m-WUND SHELL 
WET% ELASTIC A L W I m  L 
( ~ o d u l u s  Based on Netting   he or^) 
a. degree 
























































































































































SUNCTURF: OF WSSEL SHOWN IN F I G m  2 
( R ~ G  PLATE WIDZ'H = .424 i n .  ) 
Orthotropic Theory 
e /*x10m6 
rad  . /ps i 
0 Load a c t s  a t  -.0g55 -6.593 +14.1 +12.2 
root of f lange 
,212 Dis t r ibuted Load, -.0130 -6.638 +12.1 
Resultant a c t s  
a t  C.G of Ring 
.424 Load a c t s  a t  +.0694 -6.682 +14.1 +12.1 
discont inui ty  
Netting Theory 
e 
Location of Load, V A M ~ P *  H ~ P *  N ~ / P  d /pxloe6 
l b  
- /ps i  in . /ps i  i n .  
0 Load a c t s  a t  - . l l 50  -6.720 +14.1 +14.4 
root  of flange 
.212 Dis t r ibuted load - .0281 -6.781 +14.3 
,424 Load a c t s  a t  +.0588 -6.841 +14.2 
discont inui ty  
,246 For comparison - .0141 -6.790 
only (see or tho)  








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































cross sec t ion  of 20-end roving 
chamber radius  
extensional  s t i f f n e s s  
( R , ~  + R A ~ ) / ( R , ~  - - v 
f l exura l  r i g i d i t y  o r  diameter 
modulus of e l a s t i c i t y  
d is tance  defined i n  Figure 1 2  
allowable ul t imate s t rength  of f i lament 
f r i c t i o n  force  
hor izonta l  force  
t o t a l  load per inch 
moment of i n e r t i a  
design f a c t o r s  defined i n  t e x t  
functions defined i n  r e f .  8 
foundation modulus 
t o t a l  vesse l  l eng th  
t o t a l  cyl inder  length  
number of hoop l a y e r s  
number of longi tudinal  l a y e r s  
bending moment 
membrane fo rce  
number of revolutions 
number of s t rands  per  tape,  longi tudinal  
94 
Units 
i n  .2 
i n .  
l b / i n .  
lb - in .  or  i n .  
p s i  
i n .  
p s i  
l b  
lb / in .  
l b / i n  . 
in .3  
l b / i n  .3 
i n .  
i n .  
in .  - lb/ in.  
lb / in .  
D e f i n i t i o n  
number of tu rns  per revolut ion 
number of s t rands  p e r  tape ,  hoop 
tu rns  p e r  inch of cylinder 
g l a s s  f i lament f r a c t i o n  i n  composite 
i n t e r n a l  pressure 
radius  
rad ius  of curvature i n  meridian d i r e c t i o n  
radius  of curvature i n  hoop d i rec t ion  
temperature 
thickness 
hoop composite thickness 
longi tudinal  composite thickness 
thickness of s ingle  l a y e r  of longi tudinal  composite 
thickness of s ing le  l a y e r  of hoop composite 
influence c o e f f i c i e n t  f o r  de f lec t ion  
shear fo rce  
t o t a l  applied load 
winding tape width 
d i s t r i b u t e d  load 
r a d i a l  coordinate 
(I+, + 1 - 5 7  wL)/2 
a x i a l  coordinate 
distance t o  neu t ra l  a x i s  
Units 
i n .  -1 
p s i  
i n .  
i n .  
i n .  
deg. F 
i n .  
i n .  
i n .  
i n .  
i n .  
l b  
i n .  
l b / i n  . 
i n .  
i n .  
i n .  
Greek Def'ilzi t i o n  
a angle between filament path  and meridian d i r e c t i o n  
B inf luence  c o e f f i c i e n t  f o r  r o t a t i o n  
@a influence c o e f f i c i e n t  ( r e f .  7, p. 215) 
B22 inf luence  coef f i c ien t  ( r e f .  7, p. 215) 
6 r a d i a l  de f l ec t ion  
6 s t r a i n  
t p  
space between tapes  
8 r o t a t i o n  
A beam c h a r a c t e r i s t i c  
X a  inf luence  c o e f f i c i e n t  from ref .  7, p. 2L5 
A22  inf luence  c o e f f i c i e n t  from re f .  7, p. 215 
C1 c o e f f i c i e n t  of f r i c t i o n  
v Poisson1 s r a t i o  
- c = xg fz? 
u s t r e s s  
Pi c e n t r a l  angle subtended by c i r c u l a r  opening a t  
ver tex  
Subscripts  
A l o c a t i o n  defined i n  f i g u r e  1 2  
B due t o  bending 
b  boss 
C composite 
c c  y l  inder  
U & t s  
degrees 
i n .  
in./in. 
i n .  
r ad ians  
i n .  -1 
radians  
D l o c a t i o n  defined i n  f i g u r e  1 2  
Subscripts  
E 
Defini t ion 




hoop f i laments  
l o r g i t u d i n a l  f i laments  
hoop d i r e c t i o n  
hoop d i rec t ion ,  hoop composite 
hoop d i rec t ion ,  longi tudinal  composite 
hoop d i rec t ion ,  metal l i n e r  
f i lament composite head 
ins ide  
longi tudinal  d i r e c t i o n  
longi tudinal  d i rec t ion ,  hoop composite 
long i tud ina l  d i rec t ion ,  longi tudinal  composite 
longi tudinal  d i rec t ion ,  metal l i n e r  
metal l i n e r  
at tangent plane 
due t o  pressure o r  p l a s t i c  condit ion 
r ing  
r e s i n  o r  r a d i a l  d i r e c t i o n  
t angen t ia l  d i r e c t i o n  
ul t imate  t e n s i l e  
Units 
7 
ty tensile yield 
w location defined in figure 18 
11 refers to Al-1100 alloy 
22 refers to A1-2219 alloy 
SHORT CS1ZImER APJALYSIS FOR EE1NC;E DESIGN 
The purpose of t h i s  analysis  i s  t o  provide equations f o r  determining t he  
e f f e c t  of thickness on s t resses ,  s t r a in s ,  ro ta t ions ,  and deflections of shor t  
cylinders r i g i d l y  f ixed a t  one end. 
3C A t  the  f ixed end of t he  cylinder 
Note: See Reference 7, p. 297 f o r  Ci = ~ ( A L )  
Q y - Q  = O  no ro ta t ion  
m 
@ 8p + am - 8 = 0 no def lect ion 
v  
Shear load i n  terms of bending moment i s  
The bending moment is  




Meridional Bending Stress  
Direct Hoop Stress  due t o  M 
Hoop Membrane Stress  
Hoop Bending Stress  
Direct Hoop Stress  due t o  V 
4 
2hRV 8 h  R D C 6 8  0 .= ------ - 
@v t -  C C t  4 7 
lviaximum Combined Hoop S"cress 
B 8 - "@ + a@ - VQ -$- VCP 
max P Dl v @m 
Deflection 
Rotat ion 
The deflection and rotat ion a t  the f ree  end are  
The preceding - : equations are  now used, i n  the section 
t emine  the e f fec t  of cylinder thickness, t, on s t r e s s  and 
shor ,t cylinder. 
t ha t  follows, t o  de- 
dis tor t ions of the 
Find e f f ec t  of "t" on stresses for the following fixed parameters 
IL = 023 in . ,  R = 0.6 i n . ,  p - 3000 p s i  
I 


























c o e f f i c i e n t s  defined i n  Reference 7 
coeff ic ients  defined i n  Reference 7 




cylinder average radius 
cylinder thickness 
shear load 
r a d i a l  def lect ion 
r o t a t  ion 
beam charac te r i s t i c  
Poisson's r a t i o  
s t r e s s  
due t o  moment 
due t o  pressure 
due t o  shear 
hoop d i rec t ion  
longitudinal  di rect ion 
shear 
p s i  
i n .  
i n .  -lb/in. 
p s i  
in .  
in .  
lb / in .  
in .  
radians 
in.  -1 
E. E. Morris, Glass-Fiber-Reinforced Metall ic Tanks fo r  Cryogenic Service, 
NASA CR-72224 l ~ e r o j e t - ~ e n e r a l  repor t  prepared under Contract NAS 3-6292r, 
June 1967. 
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